Many proteins in alive organisms have a domain structure providing them the possibility to reversible unfolding, which seems to play an essential role in those processes occurring in tissues which are controlled by mechanical cellular tension. In this work the atomic force microscopy was applied to investigate the mechanical properties of the single molecules of fibronectin, a protein participating in the important mechanical processes in extracellular matrix. The results showed that the conditions of mechanical stretching influence not only the force required to unfolding of a domain but also the increase in protein contour length induced by such unfolding event. Two mean values of the increase in length (called shortly the unfolding length) L1 and L2, were obtained and ascribed to unfolding of either the whole fibronectin domain of type III (L 2 ) or its fragment (L 1 ). Both unfolding lengths revealed similar dependence on the stretching conditions. This experimental observation of increase in unfolding length with increasing loading rate was successfully described with a combination of two theoretical models (Bell model and the worm-like-chain model), previously used separately in the analysis of protein unfolding. The general mechanical property of fibronectin domains was emphasized and proposed as a potential determinant of the cellular adhesion.
Introduction
Many molecular processes are monitored by the activity of the protein binding sites. In modular proteins such binding sites may be hidden inside a folded do-main structure remaining inactive. The activation takes place as they get exposed outside during unfolding of a given domain. Moreover, the increase in protein contour length plays solely a crucial role in some biological processes. For example, in a giant muscle protein titin, a tandem of immunoglobulin-and FnIII-type domains is an essential source of passive elasticity of striated muscle [1] [2] [3] .
Typically, modules (i.e. domains) are composed of β-strands structures and α-helices which determines their mechanical stability [4, 5] . Unfolding of a domain may occur as a result of action of chemical agent, temperature, or external force. The latter can be studied by means of atomic force microscopy (AFM). This technique enables stretching a single protein molecule and allows the measurement of the unfolding force (i.e. the force which induces the unfolding of a domain). The unfolding length (i.e. the mean value of the increases in contour length resulting from each released fragment of protein chain) can be obtained from the measurement as well.
In this work it was shown that the observed unfolding lengths corresponding to unfolding of a single domain depend on the conditions of mechanical stretching.
Fibronectin is an important component of the extracellular matrix. It plays an important mechanical role in tissues since it participates in cell adhesion and cell mobility [6, 7] . The ability to unfolding of its domains was proved experimentally [8] . It is a long glycoprotein composed of two nearly identical monomers linked together by disulphide bridges near their carboxyl termini. Three types of domains can be distinguished in the tertiary structure of fibronectin. There are twelve domains of type I (FnI), two domains of type II (FnII) and about fifteen domains of type III (FnIII) [9] . The contour lengths of fibronectin domains of approximately 16 nm, 24 nm, and 34 nm correspond to 44 (FnI), 63 (FnII), and 90 (FnIII) amino acids, respectively. Each domain has a β-strands structure maintained mainly by hydrogen bonds [5, 10] .
The unfolding of a protein is a phenomenon in which, upon the stretching force, thermal fluctuations influence the unfolding events. Thus, the unfolding depends on how fast the unfolding process occurs, which was already studied for fibronectin [11] [12] [13] . However, to our knowledge, the influence of unfolding speed on the increase in protein contour length was not investigated experimentally.
In this work, the unfolding of fibronectin FnIII domains was analyzed with the special emphasis on the aspect how the mechanical parameters of stretching (retraction velocity and system spring constant) influence the increase in protein contour length.
Materials and methods

Sample preparation
Natural fibronectin from bovine plasma was purchased from Sigma. The fibronectin fragment FnIII 4-12 was kindly provided by Prof. Harold P. Erickson (Dept. of Cell Biology, Duke University). Typical concentration of protein was 0.1 mg/ml (for natural Fn) and 0.04 mg/ml (for FnIII [4] [5] [6] [7] [8] [9] [10] [11] [12] ). In both cases, phosphate buffered saline (PBS, ICN Biomedicals, pH 7.4, containing 10 mM of PO 2− 4 , 137 mM of NaCl and 27 mM of KCl) was used to prepare the protein solution.
Freshly cleaved mica, used as a substrate for fibronectin immobilization, was incubated in the protein solution for about 30 minutes. Then the sample was rinsed with PBS buffer and immediately measured by AFM.
AFM measurements
The measurements were carried out using two devices: a home-built AFM [14] and a commercial model CP (Park Scientific Instruments, Santa Barbara, USA). Standard silicon nitride cantilevers (MLCT -AUHW, from Veeco) with a nominal spring constants of 0.01 N/m and 0.03 N/m were used. No special treatment was applied to the cantilevers. The unfolding of fibronectin was performed in the liquid cell in the buffer environment. Force curves were acquired within the area of about 1µm
2 at different locations on the sample surface. The step size was always less than 1 nm (0.3-0.97 nm). The retraction velocity varied from 0.1 µm/s to 1.6 µm/s. The analysis of such data should follow criteria given by Best et al. [15] . According to them, an ideal unfolding curve contains regular peaks separated by a reproducible distance. The first and the last force drop should be excluded from the analysis, since the first one can be influenced by non-specific interactions and the last one usually represents the protein detachment from the tip. The analysis of the unfolding pattern provides two quantities: the value of increase in contour length, resulting from unraveling and stretching of a single domain, and the value of force needed to unfold such a single domain. The latter is defined as the maximum force value preceding a sharp drop [15] as it is shown in the inset of Fig. 1 .
Results and discussion
Mechanical unfolding of natural fibronectin
The increases in contour length, obtained in a single measurement, were used to create a histogram (Fig. 2) . In each single measurement two peaks were reproducibly observed on the histograms of increases in length. Thus each two peaks were fitted with two Gauss functions which resulted in a pair of unfolding lengths, L 1 and L 2 .
Fibronectin molecule is composed of three domain types of different contour length. All domains have β-sheet structure thus stabilized by hydrogen bonds. FnI and FnII domains, however, are additionally stabilized by strong internal disulphide bonds. This fact caused some doubts during the analysis of the AFM data obtained for fibronectin unfolding. In one of the first studies of the mechanical Fig. 1 . A typical force curve showing multiple unfolding events resulting from a single fibronectin molecule stretching (z is end-to-end distance). Three characteristic steps of unfolding were marked by numbers: when the force reaches the critical value of unfolding force the unfolding of a protein takes place (1) causing a drop of force value (2) followed by increase in contour length (2-3). Inset: enlargement of the area marked by the dotted rectangle in the main figure shows the way of analysis of a single unfolding event. The unfolding force F is defined as a maximum force value preceding a sharp drop. The unfolding length L is a difference between subsequent peaks in the pattern. stretching of natural fibronectin it was shown that all three domain types did unfold [11] . However, later Oberhauser et al. reported the lack of unfolding events corresponding to FnI and FnII domains and explained that fact by sufficiently strong stabilization of those structures by internal disulphide bonds [12] . The larger unfolding length L 2 of approximately 31 nm (corresponding to the second peak in the histogram in Fig. 2) can be related to unfolding of the entire FnIII domains since their mean contour length equals about 34 nm. The smaller unfolding length L 1 of approximately 21 nm (corresponding to the first peak in the histogram in Fig. 2 ) is definitely larger than the mean contour length of FnI domains (about 16 nm). Thus, the obtained value L 1 cannot result from FnI domains unfolding. It could be possible to ascribe L 1 to the unfolding of FnII domains for which the mean contour length equals approximately 24 nm. However, there are only two such domains in one fibronectin monomer (four in a dimer), thus, concerning the ratio of numbers of FnII and FnIII domains in a single monomer (2:5), one could expect that FnII domains would always produce clearly smaller peak in the histogram which was not observed (see e.g. Fig. 3 ). It was concluded that unfolding length L 1 resulted from unfolding of domains of type III as well.
However, in order to unambiguously exclude the possibility that the smaller unfolding length L 1 is related in any other way with the presence of FnI and FnII domains, the analogous experiment was performed for fibronectin fragment composed of FnIII domains only (for recombinant FnIII 4-12 fragment).
Mechanical unfolding of FnIII 4-12 fibronectin fragment
In this case, for FnIII 4-12 fragment, two separate unfolding lengths were similarly obtained. These reference values were found to be L 1 = (23.4 ± 3.5) nm and L 2 = (32.5 ± 3.0) nm, whereas the corresponding pair of values obtained previously for natural fibronectin was L 1 = (21.3 ± 3.7) nm and L 2 = (31.3 ± 3.9) nm.
Therefore, each of two unfolding lengths occurring in both, natural and recombinant fibronectin molecules, can be attributed to unfolding of FnIII domains.
Two values of the unfolding length
It is possible that in one protein molecule some domains are already partially unfolded before the mechanical stretching. Therefore, there could be two populations of domains in one molecule, native (folded) and partially denatured. One of the reasons of obtaining the smaller unfolding length could be related to stretching of such partially denaturated structures. Another possibility is unfolding with an intermediate state. The two steps of unfolding result in increases in contour length which are smaller than the contour length of the whole domain.
In such cases, the unfolding of a part of domain should precede or follow the unfolding of the remaining folded part. [20] . Native protein consists of many different kinds of domains. However, the experiment performed by Abu-Lail et al. [21] provided the important evidence that partial unfolding events are possible to observe effectively for the system composed of different domains of type III. For the FnIII 1−8 fibronectin fragment they observed three unfolding lengths of about 10.6 nm, 20 nm, and 28.7 nm. First two values were already discussed above and the last one corresponds obviously to unfolding of the entire domain without any intermediate state.
In order to ascribe the unfolding length L 1 to a given domain fragment, it seemed to be more appropriate to analyze the contour length L C1 of unknown domain fragment, provided by Eq. The obtained contour length L C1 = (27 ± 1.5) nm value reduced by the average size of a folded domain is larger than the experimental values obtained previously and discussed above. Thus, the unfolding length L C1 cannot result form unfolding through the considered intermediate state.
Additionally, no unfolding of the rest domain characterized by a contour length of about 8.5 nm (L C2 − L C1 ), neither preceding nor following the increase L C1 , was observed. Therefore, the only explanation for obtaining of LC1 length is the unfolding of the partially denatured domains.
The lacking denatured fragments of about 8.5 nm corresponding to about 22 ± 5 amino acids could be assigned to one of two pairs of terminal β-strands in FnIII domain, namely A and B or F and G (compare with [16, 18] ).
The influence of measurement conditions on the unfolding force and the increase in contour length
The unfolding of natural fibronectin was studied as a function of a loading rate, a parameter describing how fast the external force applied to the protein molecule increases in time during unfolding. The loading rate can be estimated by multiplying the retraction velocity by the system spring constant (taking into account both, the cantilever spring constant and the protein stiffness -two springs linked in series).
Bell model [22] , initially created for description of the rupture of specific interactions in the complex of ligand -receptor, was then successfully used to describe the unfolding of modular proteins [23] . This model predicts how free energy of the system changes with the external force in the direction of stretching. The transition from folded to unfolded state, involves overcoming the potential barrier which occurs under applied force on a distance r 0 . In other words, the distance r 0 (called also the potential width of unfolding) is the distance between folded state (i.e. potential minimum) and the transition state (i.e. the maximum of the potential) [24] .
According to the Bell model, the relation between the mean unfolding force f crit and logarithm of the loading rate r f should be linear. The obtained results are presented in Fig. 4A . The linear region was observed and fitted with the line using the relation provided by Bell model [10] . Subsequently, the influence of the loading rate on the increase in length was investigated. It turned out that the unfolding lengths observed in our experiment reveal clear increase with the increase in loading rate (Fig. 4B) . In studied range of loading rates, the change in values of unfolding lengths was about 100% for L 1 and 80% for L 2 . These experimental results were described using both, Bell model and the worm-like-chain (WLC) model [25] . WLC model describes a protein chain deformation under the external force. The force f required to extend the protein chain by a given length z is the following:
where p is the persistence length, L 0 -the contour length of the studied domain fragment, T -the absolute temperature and k B -the Boltzmann constant. Bell model gives the most probable force (at a given loading rate) which can be achieved during stretching the i-th unfolded domain, before the next, (i + 1)-th domain will unfold. Substitution the critical force value from Eq. (3.1) to Eq. (3.2) allows calculating of the loading rate value necessary to extend the protein domain to the required length z:
The fitting of obtained unfolding patterns was succeeded using a persistence length of 0.45 nm, the value comparable with those obtained previously [26, 27] . This p value and r 0 and k 0 values obtained above were used to plot the function described with combination of Bell and WLC models (Fig. 4B) . As can be seen from the comparison of experimental data with the plots, the relation (3.3) reproduces the dependence of both unfolding lengths, L 1 and L 2 on the loading rate. Higher loading rates enable to achieve larger forces during stretching of a molecule. The latter enable the larger extensions of the released protein fragments. With increasing loading rate the unfolding length value achieves the saturation level determined by the contour length of the domain (L C2 ) or its fragment (L C1 ).
Summary
Elasticity of tissues is believed to be related to elastic properties of proteins like collagen and fibronectin. As an important component of extracellular matrix fibronectin plays an essential role in cellular adhesion. Those two functions are related to two properties of this protein: ability to reversible unfolding under applied tension and the ability to specific interaction (with integrin; reviewed in [28] ). Assuming that the rate of increase in extracellular tension can be described with the value of loading rate parameter one can expect that the obtained results will reflect the mechanical reaction of fibronectin molecules in tissue. The observed dependence of unfolding lengths on the rate of applied tension may therefore shed the light on the way of controlling the preservation of the adhesion contacts under elastic reorganization of the tissue.
Similar behavior was observed for fully unfolded domains as well as for domains partially denaturated. Thus, the general property of modular motifs under mechanical tension can be concluded.
